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This study proposes the use of two magnetic Wollaston prisms (MWPs) to
correct for the linear Larmor phase aberration of modulation of intensity
emerging from zero effort (MIEZE), introduced by the transverse size of the
sample. With this approach, the contrast of the intensity modulation can be
maximized at any scattering angle of interest such that the same contrast as the
direct transmission geometry can be fully recovered. The optimum magnetic
fields required for the MWPs depend only on the scattering angle and the
frequencies of the radio-frequency flippers, and they are independent of the
neutron wavelength and beam divergence, which makes the approach suitable
for both pulsed and continuous neutron sources.

1. MIEZE and its Larmor phase aberration

The dynamical properties of materials are often the key to
understanding their macroscopic properties. A technique that
can reach the time scales with a matching length scale is
greatly desired to investigate the dynamics in soft matter
materials such as proteins (Rheinstéddter et al., 2006), polymers
(Godfrin et al., 2015) and hard condensed matter materials
such as superconductors (Blackburn et al., 2006; Haslbeck et
al., 2019; Keller et al., 2006). The neutron spin echo (NSE)
technique satisfies this demand by employing the Larmor
labeling of neutron spins in a magnetic field, which decouples
the energy resolution of a neutron instrument from the width
of the wavelength band and thus provides us with another
approach to achieve ultra-high resolution (Mezei, 1972). To
implement NSE, two static magnetic fields are required with
one on each side of the sample. The neutron spin will precess
continuously inside the two magnetic fields through the
sample region, where the neutron spin is flipped and the
Larmor phase accumulation will be reversed. Any energy
exchange between the neutron and the sample can be encoded
as a change in the accumulated neutron Larmor phase.
However, certain situations, such as samples that would
depolarize the neutron beam or require high magnetic field,
would be challenging for NSE. Even though paramagnetic
(Murani & Mezei, 1980), ferromagnetic (Mezei et al., 2003)
and intensity-modulated NSE (Farago & Mezei, 1986) tech-
niques have been developed, either they cannot be applied
due to the depolarizing sample environment or they are too
complicated to be routinely operated. All of these difficulties
prohibit conventional NSE from accessing the full arena of
magnetic phenomena, for example, the spin dynamics in
ferromagnetic superconductors (Haslbeck et al., 2019), the
spin-wave fluctuations in ferromagnets (Saubert et al., 2019)

90 https://doi.org/10.1107/5S1600576721013157 J. Appl. Cryst. (2022). 55, 90-97


http://crossmark.crossref.org/dialog/?doi=10.1107/S1600576721013157&domain=pdf&date_stamp=2022-02-01

research papers

and the paramagnetic-to-skyrmion lattice transition in tran-
sition metal helimagnets (Kindervater et al., 2019).

An alternative approach to allow for the complicated
sample environment that involves high magnetic field and
depolarizing sample is to use modulation of intensity emerging
from zero effort (MIEZE) (Géhler et al., 1992), which has
been demonstrated or routinely operated at several neutron
facilities, including Larmor at ISIS (Geerits et al., 2019),
ORNL (Brandl et al., 2012; Dadisman et al., 2020; Zhao et al.,
2015), CMRR (Liu et al., 2020), RESEDA of FRM-II (Franz et
al., 2019) and VIN ROSE at J-PARC (Hino et al., 2013).
Depending on the direction of the static magnetic field inside
the radio-frequency (RF) flippers with respect to the beam,
there are longitudinal and transverse configurations for
MIEZE. MIEZE requires two neutron resonance RF spin
flippers before the sample and they are operated at different
RF frequencies (w, , = 27f; ,), as shown in Fig. 1. With such
spin flippers, the polarization vector of the neutron beam,
which is the average direction of the neutron spin, can be
modulated sinusoidally, with the phase determined by the
phase angle of the RF signal (Hank et al., 1997). After the
beam has passed through the neutron polarization analyzer,
which only transmits the polarization vector along one direc-
tion, the polarization modulation can be converted into
intensity modulation before the beam interacts with the
sample, as shown in Fig. 1(a). The intensity modulation takes
the form I(r) = Acos[2(w, — w,)f] + I,. Because no spin
manipulation or analysis is performed afterwards, the neutron
beam is no longer sensitive to the factors that can depolarize it
in the sample or sample environment, which allows MIEZE to
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Figure 1

be used for complicated magnetic sample environments or
depolarizing samples. When scattered by the sample quasi-
elastically or inelastically, the neutrons’ energy may be slightly
changed, which can cause a time advance or delay in their
arrival at the detector. Therefore, the contrast of the modu-
lation (A/I,) will be changed, from which the intermediate
scattering function of the sample can be deduced (Géhler et
al., 1992; Golub et al., 1994).

However, one of the problems of MIEZE is the variation of
neutron time of flight (TOF) from the position of scattering at
the sample to the position of capture at the detector. This can
directly introduce a Larmor phase variation and hence phase
aberration on the detector, especially for large scattering
angles. To resolve this problem, the contribution of both the
sample and detector geometry to the neutron TOF needs to be
investigated. For the detector side, there have been extensive
discussions about using post data reduction to reconstruct the
contrast of the intensity modulations (Schober et al., 2019;
Oda et al., 2020) by shifting the modulation on each pixel of
the detector with a known phase. However, the application of
such a reduction method is still limited, especially for a sample
with large transverse size, as it cannot differentiate the loca-
tions where the neutrons are scattered at the sample position.
For the sample side, as stated by Brandl et al. (2011) and
Weber et al. (2013), rotating the sample with respect to the
beam can also change the resolution function of the MIEZE
because it changes the neutron TOF from the sample to the
detector. However, rotating a flat sample is only practical
within limits and it will also significantly restrict the choices of
sample. It has also been suggested by Martin (2018) that the
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(a) The conventional transverse MIEZE setup. (b) The MIEZE setup combined with magnetic Wollaston prisms (MWPs) to correct for the linear
Larmor phase from the sample. (¢) A schematic of the combined intensity modulation in the time and space domains. (d) The intensity modulation in
direct transmission and scattering directions. The lines denote the wavefront, and 25" is the footprint of the sample projected towards the scattering
direction, which denotes the effective source size of the intensity modulation. The frequencies of the RF flippers are w, , = 27f, , and the thickness of the
RF flipper is 8. The magnetic fields inside the MWPs are B, ,, respectively. L; , and D, , are the distances from the RF flippers and MWPs to the sample,
respectively. The intensity modulation of the neutron beam is developed from the RF flippers in the time domain and a snapshot of the modulation is
shown at the sample and detector position for a parallel beam, for the case of without () and with (b) the MWPs. s and & are the positions where the
neutrons are scattered and captured at the sample and detector, respectively, which have a full width of 25 and 2H, respectively. w is the transverse offset
of the neutron’s trajectory at the entrance of the slit located at x = L with a full size of 2W. For demonstration purposes, the dashed trajectories are the
ideal case where both the incoming and outgoing neutron beams are parallel to the center trajectory. The solid trajectory shows the actual case in the
experiment, which is used in the following calculations. The red dots along the neutron trajectory are the intersection points with various components of
the setup, and the corresponding Larmor phase and time at these points are denoted as ®; and ¢;, respectively.
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detector can be simply configured to be parallel to the sample
surface such that the neutron TOF from the sample to the
detector is equal for all the neutron trajectories. However, this
approach provides a complete correction only in the ideal case
when the scattered neutron trajectories are parallel to the
center line shown in Fig. 1(a), and there is a one-to-one
correspondence between the scattering location at the sample
and the pixel of the capture on the detector. In reality, the
neutrons scattered by a specific location of the sample can be
captured by any pixel of the detector and vice versa. The
effectiveness of having the detector parallel to the sample
surface has also been investigated with McStas simulations
(Dadisman et al., 2022); this shows that, to minimize the
Larmor phase aberration, the detector needs to be perpen-
dicular to the scattered neutrons instead of the incoming
beam. Another approach is to physically rotate the RF flippers
(Dadisman et al., 2022) such that the wavefront of the intensity
modulation can be shaped spatially to match the scattering
angle without changing the neutron TOF from the sample to
the detector, but its performance is sensitive to the beam
divergence because the space focusing condition is coupled
with the time focusing condition and they cannot be inde-
pendently tuned to be focused towards different planes.

In this report, I propose to use two magnetic Wollaston
prisms (MWPs) in addition to the conventional MIEZE setup
such that we can precisely manipulate the Larmor phase of the
neutron beam spatially to match the scattering angle of
interest. Therefore, the resolution function of MIEZE can be
maximized at any scattering angle of interest without any
physical rotation of the sample or the RF flippers. In the
following demonstration, for simplicity, both the incoming and
scattered neutrons are parallel to the beam center line with no
wavelength dispersion. The neutron intensity modulation will
be taken as waves, which originate from the RF flippers, are
scattered by the sample and propagate towards the detector,
similar to ripples in water. As shown in Fig. 1(a), the wavefront
of the incident modulation is perpendicular to the beam
direction at the sample position, as well as the detector posi-
tion in the direct transmission geometry. However for the
detector at an angle (20), the arrival time of a neutron will vary
depending on the position of the scattering event at the
sample position (s). The consequent wavefront of the scat-
tered neutrons will be tilted and misaligned with the detector
plane. As discussed previously, for a realistic beam, the pixe-
lated intensity modulations could only be partially corrected
by post data reduction. Without knowing where the neutrons
are scattered from the sample, the TOF variation and hence
phase variation caused by the transverse size of the sample
cannot be corrected. Also, the phase variation will change with
scattering angle, which means that the resolution of MIEZE,
especially at large scattering angles, will be greatly limited.
Without resolving this problem, it would be challenging to
further increase the energy resolution, especially at large
scattering angles, unless one could compromise the size of the
sample and thus neutron intensity.

MIEZE, with two RF flippers operated at different
frequencies w, ,, generates a Larmor phase gradient in the

time domain along the x direction, as shown in Fig. 1(c). With
this phase gradient in the time domain, the neutron spin can
pick up a Larmor phase as it moves forward. By the time it is
captured at the detector position, the Larmor phase it accu-
mulates is ®(¢) = 2Awt = 2(w, — w,)t, where ¢ is the clock
time of the detector. When a neutron travels in a magnetic
field, its spin will pick up a Larmor phase that is proportional
to the neutron wavelength and the magnetic field integral
along the neutron trajectory. For an MWP constructed using
two oppositely directed, triangular cross section magnetic
fields separated by a planar interface, a gradient in the
magnetic field integral can be generated when neutrons are
transmitting through (Li et al., 2014). Therefore, a linear
Larmor phase gradient and hence modulation along the
transverse direction (y) will be generated, as shown in Fig. 1(¢).
If both the RF flippers and the MWPs were employed, the
neutron spin would experience a Larmor phase gradient in
both the time domain (along the x direction) and the space
domain (along the y direction) simultaneously, which is not the
case in conventional MIEZE. Therefore, with the addition of
the MWPs, the gradient direction of the total Larmor phase
can be changed from the x direction to any direction in the xy
plane by choosing the right combination of the phase gradi-
ents in the two directions (x and y), as shown in Figs. 1(), 1(c)
and 1(d). Since the direction of the phase gradient determines
the wavefront of the intensity modulation, it can be adjusted
such that the wavefront is always perpendicular to the average
neutron trajectory and thus parallel to the detector plane. The
phase aberrations can thus be minimized.

2. Larmor phase of MIEZE with magnetic Wollaston
prisms

Before showing the total Larmor phase a neutron picks up
through the setup in Fig. 1(b), I will briefly discuss the Larmor
phase contributed by an individual RF flipper and MWP. As
given by Golub & Gihler (1987), the Larmor phase generated
by a neutron RF flipper with an angular frequency of w is
givenby &, =2 (t,) + wt, — ¢;. ®,; = wt; is the phase of the
RF flipper upon the entrance of the neutron at ¢, ¢, is the time
the neutron stays inside the flipper, and it is given by
t; =§8/(vcosy) with ¢ being the divergence angle, § the
thickness of the flipper and v the neutron speed. ¢, is the phase
the neutron spin carries before entering the RF flipper. For a
MWP, as given by Li et al. (2014, 2016) and Li & Pynn (2014),
the Larmor phase generated (®,,) depends on the magnetic
field integral along the neutron’s trajectory &, (B,y, ¥) =
(2y/v)By|[cot B + (cot B)’v¥], where y is the neutron gyro-
magnetic ratio, B is the magnitude of the magnetic field of the
MWP, B is the inclination angle of the hypotenuse of the MWP
with respect to the beam and y is the transverse coordinate of
the intersection point of the beam with the midplane of the
MWP, as denoted by the red dots in Fig. 1(b). With &, , the
MWP can be taken as a device with no thickness along the
beam. With each neutron’s transverse coordinates, divergence
and velocity known, the Larmor phase picked up inside the
MWP can be calculated. In the following calculations, the
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Table 1
The propagation of the Larmor phase in the proposed MIEZE setup.

®; and ¢, are, respectively, the Larmor phase of neutron spin and time at the
intersection points of the neutron trajectory and the spin manipulation
components. Fig. 1 provides detailed definitions of the parameters.

Position Time (t;) Neutron phase (®;)
Entrance of RF; ty P, =0

8
Exit of RF t P, =20ty +——) — P

xit o 1 1 1 w1(0+2vcosvjl> 0

Center of MWP; t, D, =&, (By,y,, V) + D,
Center of MWP, 1 D, =D,,(B,, y,, )+ D,
Entrance of RF, 1y D, =P,

8
Exit of RF, ts O =2w,(ty + —— | — D,

2v cos ¥

Detector t D =Py

fy=1— (1/V)[L1(1 + ‘//2)1/2 +L:-]- nx==DY—s y,=x=Dy—s t,=t— (1/v) x
[Ly(1 + )" + L)) L, = [ + L? + s> — 2s(h cos 26 + L, sin26)]'"/%.

inclination angle of the MWP is assumed to be 45°. For a
neutron trajectory incident upon the sample with an offset of s
and divergence of i as indicated by the solid black line in
Fig. 1(b), the intersection points with each device are denoted
by the red dots. The coordinates of the intersection in time and
space and the corresponding Larmor phase have been calcu-
lated and are shown in Table 1; using these values the Larmor
phase @, can be calculated at each point. By propagating the
Larmor phase through all the components in Fig. 1, the phase
®(r) at the detector can be obtained, which is given in equa-
tion (1):

O(t) = 2(w, — )t + % (2(601L1 —w,L,)(1 + 1!/2)1/2

1 2

+ (w, —a)z){ —8secy

+2[ L2 +h +5* —2s(hcos20 + L, sin 29)]1/2}
——

2 3

+ ZV[(Bl — By)s+(B,D; — BzDz)Wi|(1 + 1/’))
4 5

2
>~ 2(w, — w))t + " {wl(l‘l + L) —wo,(L, + L))

+ y¥(B,D, — B,D,)

+ s|:y(B1 — B,) — (0, — w,)sin 29:| } (1)

In this equation, B; denotes the magnitude of the magnetic
field inside the two MWPs. L, D; and L, are the distances from
the centers of the RF flippers, MWPs and detector to the
sample, respectively. w, s and h are the transverse displace-
ment of the neutron trajectory at the slit, sample and detector,
respectively. In the calculation, the divergence angle can be
explicitly defined as ¥ >~ (w —s)/L, where L is the distance
from the slit to the sample position. The terms labeled with
different numbers in equation (1) represent the major terms

that contribute to the Larmor phase, whereas the terms that
are not labeled are higher-order terms and thus are negligible.
The term labeled as 1 denotes the intensity modulation
produced by the RF flippers. The Larmor phase aberration,
due to the dispersion of neutron speed (v), the transverse
offset of scattering (s) and the distribution of scattering angles
(20), is explicitly given as 2 and 3. The Larmor phase gener-
ated by the MWP is provided by 4 and 5, which are time
independent. Term 1 is the main MIEZE signal of interest.
Terms 2 and 3 are the aberration terms contributed from the
sample size, scattering angle, neutron speed efc., which need to
be minimized by the correction. In a MIEZE setup, the sample
size (~2cm) and the area of interest on the detector
(~10 x 10 cm) are considerably smaller than the length of the
scattering arm (L; > 2m), and also the divergence of the
incident beam is small. Therefore, equation (1) can be further
expanded in s, 4 and 1. With the lowest orders summarized in
equation (1), for the speed-dependent terms, I will minimize
their contributions by setting each of the underlined combi-
nations to zero, yielding the following:

Time focusing: w,(L, + L,) = w,(L, + L,), 2

Space focusing: B,D, = B,D,, ?3)

1
Steering condition: B, — B; = —(w, — w,)sin26. (4)
14

Equation (2) is termed the time focusing condition or the
MIEZE condition. In a conventional MIEZE setup without
MWPs, it can remove the speed dependence of the Larmor
phase for the directly transmitted neutron beam. Equation (3)
can ensure the Larmor phase the neutron spin accumulates
through the MWPs is independent of the beam divergence.
With such a condition, the wavefront of neutron spin can be
tilted with respect to the incident beam direction by the same
amount regardless of the divergence angle (). For a given
scattering angle (26) and RF frequency (w, ,), to ensure the
wavefront can be tilted by the right amount, equation (4)
needs to be satisfied. Similar to the phased array radar,
equation (4) can ensure the scattered beam is modulated with
high contrast towards the detector at a specific angle; I call it
the steering condition. Equations (3) and (4) combined yield
the optimum field required for the MWPs to correct for the
linear phase aberrations caused by the transverse dimension
of the sample in a regular MIEZE. In combination with
equation (2), the Larmor phase of neutron spin at the detector
position would be independent of the neutron speed and beam
divergence to the first order, which is the prerequisite condi-
tion to maximize the contrast of the MIEZE signal.

To understand the principle of this method more intuitively,
note that the introduction of the two MWPs can generate a
magnetic field integral gradient along the transverse direction
(y) as shown in Fig. 1(c), which is perpendicular to the Larmor
phase gradient direction generated by the RF flippers (x).
With the two independent phase gradients, the combined
gradient direction of the total Larmor phase can be steered to
any direction of interest. Since the phase gradient direction is
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always perpendicular to the wavefront of the intensity
modulation, it can be tuned such that it is perpendicular to the
surface of the detector. In this case, the wavefront will be
parallel to the detector and the phase aberrations can be
minimized. Additionally, when the scattering angle is small
(260 = 0), no field is required for the MWPs (B, , = 0). As also
shown by equation (4), the field required for the MWPs is
independent of neutron wavelength, which makes the setup
capable of accepting a broad wavelength band at both pulsed
and continuous neutron sources.

The employment of MWPs to steer the wavefront of the
intensity-modulated neutron beam is very similar to a phased
array radar, which can create a beam of radio waves that can
be electronically steered to point in different directions
without moving the antennas. With such analogy, the approach
of rotating the RF flippers is similar to the conventional radar,
which rotates physically and steadily to sweep the airspace
with a narrow beam (Dadisman et al., 2022). As illustrated in
Fig. 1(d), as the scattering angle increases, the footprint of the
sample or the effective sample size (28 = 2Scos20) will
decrease. Hence as the scattering angle is approaching 26 =
90°, the intensity modulations get more ‘coherent’, which
means fewer aberrations will be contributed from the trans-
verse size of the sample. Ultimately, with 26 = 90°, the sample
becomes a coherent point source of intensity modulations.
These effects will be shown and discussed in the following
sections.

3. The phase correction calculations of MIEZE

With the Larmor phase known in equation (1), the time
modulations measured by the detector can be calculated by
integrating over the beam size (w) and sample size (s) and thus
divergence (w = Ly +s). Ultimately, the detector will
measure a three-dimensional data set where one dimension
denotes the time and the other two denote the pixel coordi-
nates of the detector, and each pixel sees intensity modula-
tions in the time domain. With the data reduction procedure
outlined by Schober et al. (2019) and Oda et al. (2020), the
modulations can be shifted by a known phase over all the
pixels before they are integrated spatially across the detector
along A, yielding a one-dimensional intensity oscillation in the

1.0
08 —— Af=50kHz, 2S=20mm
' —— Af=100kHz, 25=20mm

E o6 \v N\ N Af=100kHz, 25=30mm
£ 04 —— Af=200kHz, 25=20mm
3o

02

o = .

0 5 10 15 20 25 30
Scattering angle 26 (deg)
Figure 2

The contrast of the modulation as a function of the scattering angle 26
when changing the frequency difference between the two RF flippers
(Af) and the size of the sample (2S). The two RF flippers are maintained
in time focusing.

time domain, as given in equation (5). The contrast of the
modulation can therefore be given by the amplitude of the
one-dimensional oscillation. A higher contrast will yield a
higher sensitivity to a small change in neutron energy.
Therefore, the dependence of the contrast as a function of the
scattering angle yields the resolution function of the MIEZE
setup. To calculate the resolution function, the detector
thickness is assumed to be zero:

o

H w
120,0)= [ [ [ cos[®(26, w,, By, w,s, h,1)]dwdsdh. (5)
—H —S -W

“

3.1. The phase aberrations of a regular MIEZE

First, to demonstrate the phase aberration problem of a
conventional MIEZE, calculations have been performed by
setting the field in the MWPs to zero in equation (1). In the
calculation, the parameters are chosen such that L =5m, L, =
4m,L,=2m, L,=2m,2H =100 mm and § = 30 mm, which
are very close to the parameters of the existing RESEDA
instrument at FRM-II (Franz et al., 2019) and the VIN ROSE
instrument at J-PARC (Hino et al., 2013). For demonstration
purposes, a parallel beam is used for this calculation. The
contrast of the intensity modulation has been plotted in Fig. 2
as a function of scattering angle (26) for various frequencies
(Af) and sample sizes (25). The peak contrast of the resolu-
tion function is always centered at zero scattering angle and
the contrast of the modulation decreases rapidly as scattering
angle increases, especially for large sample size (25) and high
RF frequency differences (Af). For example, for Af =
100 kHz and 2S = 10 mm, it is impossible to measure the
scattering at a scattering angle of 20° with a vanishing contrast.

To understand the results intuitively, I have calculated the
modulations observed on the detector at a scattering angle of
26 =20°. Note that the calculations performed in the following
sections take a realistic beam with the divergence angle

)
oy 3
= <
S, .
=
= 050 &
E 2
= 047 £
=
0.45
1.00
075 3
S <
E &
° 0.50 2
£ £
& 025 &
k=

Detector pixel displacement / (cm)
Figure 3
The intensity modulations observed on the detector along the transverse
direction (a) with no MWPs, (b) with MWPs at a scattering angle of 20 =
20°. In this calculation, . = 5.5 A, Af=100 kHz, 25 =20 mm, L =5 m and
2W = 40 mm.
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defined as ¢ = (w — s)/L. As shown in Fig. 3, without the
correction provided by the MWPs, the contrast of the modu-
lations in the time domain is low across all the pixels of the
detector. Setting the magnetic fields inside the MWPs
according to equation (4) allows the contrast of the modula-
tions to be fully recovered on each pixel. Along the transverse
direction of the detector, the phase of the modulation is
monotonically shifted towards the edges of the detector due to
the monotonic increase in the neutron TOF. Because of the
‘coherent’ scattered beam prepared by the MWPs, the phase
variation measured by the detector can be corrected by post
data reduction as outlined by Schober et al. (2019) and Oda et
al. (2020), which is applied in all the following calculations.

3.2. The scattering angle and frequency dependence of the
phase correction

The resolution function of the MIEZE setup with the
MWPs has been calculated and plotted in Fig. 4 by scanning
the scattering angle and the difference of the magnetic field
between the two MWPs, where the time focusing and space
focusing are maintained for the RF flippers and MWPs,
respectively. As one can see, for any given scattering angle, the
contrast of the modulation can be maximized by adjusting the
difference of the magnetic fields inside the two MWPs (AB).
Namely, the resolution function of the MIEZE setup can be
optimized by the MWPs such that the highest sensitivity can
be fully recovered at any scattering angle of interest. This

0.8

0.6

Contrast

0.4

0.2

Scattering angle 20 (deg)

Figure 4

The contrast of the modulation as a function of the scattering angle (26)
and the difference of the magnetic fields between the MWPs
(AB = B, — B,) for three different frequencies: (a) Af = 25 kHz, (b)
Af =100 kHz and (c¢) Af =400 kHz. The dashed black lines denote the
optimum setting of the two MWPs directly obtained from the steering
condition given in equation (4), which show great agreement. In this
calculation, A = 5.5 A, 2§ = 20mm, L = Sm, 2W = 40 mm and 2H =
100 mm, which corresponds to a divergence of 0.34° in full width at half-
maximum (FWHM) for the incoming beam.

would allow the MIEZE instrument to reach any scattering
angle without compromising the contrast of the intensity
modulation or the size of the sample. It also shows that the
steering condition obtained for the MWPs from the first-order
approximation [equation (4)] agrees well with the optimum
field calculated from equation (1). As the frequency of the
modulation increases, the window of solid angle with high-
contrast modulations gets narrower. Therefore, for a given
detector occupying a finite solid angle, it is critical to apply the
post data reduction procedure, especially for high-frequency
oscillations. While the contrast of the modulation is high at
low scattering angles, as shown in Fig. 4(c), it will further
increase as the scattering angle increases. As shown in Fig. 1(c),
this could be explained by the diminishing effective sample
size and thus increasing coherence as the scattering angle
approaches 26 = 90°, which has been discussed in the previous
sections.

3.3. Wavelength dependence of the phase correction

It has been shown by equation (4) that the optimum fields of
the MWPs are wavelength independent. The applicability of
this method at different neutron wavelengths is now calcu-
lated, where a continuous spectrum of neutrons is scanned
simultaneously. The calculations are performed with two RF
frequencies (Af = 200, 400 kHz). The scattering angle is fixed
to be 26 = 20°. For each setting, the fields of the MWPs are
optimized and the neutron wavelength is swept to obtain the
resolution function. For comparison, the resolution function of
conventional MIEZE in direct transmission geometry has also
been calculated and included in Fig. 5. With the correction, the
contrast of the modulations at the 20° scattering angle can be
fully recovered as in the direct transmission geometry. As the
modulation frequency and wavelength increase, the total
Larmor phase of neutron spin, as well as its phase aberration,
gets higher. Therefore, the peak contrast will slightly drop
towards longer wavelength and higher frequency. The ability
to maintain a high contrast on a wide-bandwidth neutron
spectrum means the correction method proposed here is

1.0
0.8
N
2 0.6
B
g
O 04
g Af=200kHz, 26=20°
G I A f=200kHz, Transmission
...... A f=400kHz, 26=20°
0.0

0 2 4 6 8 10
Wavelength (A)

Figure 5

The variation of the peak value of the resolution function as a function of
wavelength for various frequencies. For each case, the field in the MWP
has been optimized according to equation (4). The parameters for the
calculation are 2W = 40mm, 2H = 10 mm and 2S = 20 mm. For
comparison, the calculation of MIEZE in transmission geometry has also
been included.
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Figure 6

The variation of the resolution function as a function of field difference
between the two MWPs (AB) for various beam divergences. The
parameters for the calculation are 26 = 20°, Af = 100 kHz and 2§ =
20 mm. The dashed lines indicate the polarization of the conventional
MIEZE setup in direct transmission with no MWPs, where a sample with
the same effective size has been used as in the scattering beam [25 =
28 cos (20°)]. The beam divergence angle is given in FWHM.

suitable for accepting a broad wavelength band at both pulsed
and continuous neutron sources.

3.4. Divergence dependence of the phase correction

According to equation (3), the magnetic field required for
the MWPs is independent of the beam divergence to the first
order. In this part, I will calculate and investigate the diver-
gence dependence of the correction efficiency. As shown in
Fig. 6, when the beam divergence increases, the contrast of the
modulations will decrease slightly below 2° but dramatically
above 2°. To determine the origin of such an effect, I have also
calculated the contrast of the conventional MIEZE setup
without the MWPs in the transmission direction using a
sample with the same effective size [25" = 2Scos (20°)], the
results of which are denoted by the dashed horizontal lines in
Fig. 6. With the correction provided by the MWPs, the peak
contrast of the MIEZE setup at a scattering angle of 20° is the
same as for the direct geometry MIEZE for a sample with the
same effective size. Basically, a higher beam divergence will
introduce a larger variation of a neutron’s TOF prior to its
interaction with the sample even in the direct transmission
geometry, where no phase correction is required. In a scat-
tering geometry, the introduction of the MWPs would correct
the phase aberration such that the same contrast as in the
transmission geometry can be fully recovered with no addi-
tional divergence dependence.

4. Discussion and conclusions

Using two magnetic Wollaston prisms, I have presented an
approach to correct for the first-order Larmor phase aberra-
tion of MIEZE caused by the transverse size of the sample.
With this approach, the resolution function of MIEZE can be
modified such that the contrast of the intensity modulation can
be maximized at any scattering angle of interest. In contrast to
the approach of rotating the RF flippers (Dadisman et al.,
2022), the approach with MWPs can shape the wavefront at

the sample position precisely such that the correction effi-
ciency is independent of the beam divergence and neutron
wavelength. Such a correction approach with MWPs will be
demonstrated in a future experiment. Though this approach
allows MIEZE to work at a wide scattering angle, MIEZE is
still limited to use at a finite solid angle. As discussed by
Weber et al. (2013), Brandl ez al. (2011) and Martin (2018), the
geometry of the sample would affect the resolution function of
MIEZE and thus the contrast of the modulations. Unfortu-
nately, such limitation still exists for the method proposed here
unless one can shape the wavefront to any arbitrary shape to
match the geometry of the sample. As the thickness of the
sample increases, higher phase aberrations would be expected
due to the larger variation of the TOF from the sample to the
detector, regardless of the phase correction mechanism
provided by the MWPs. To achieve the best efficiency of
correction and thus contrast, a flat and thin sample is always
preferred for this method.

While the calculation is based on a conventional MIEZE
instrument with no additional neutron optics in between the
RF flippers, for some MIEZE instruments, special optics are
embedded in between the two RF flippers to either increase
the neutron flux or minimize the phase aberrations; the
performance of the correction methodology proposed here
would need to be reevaluated according to the specific design
of the instrument. Currently, only transverse magnetic
Wollaston prisms have been developed (Li et al., 2014; Pynn et
al., 2009), which means it would be easier to correct for the
phase aberration of MIEZE in the transverse configuration,
such as at the VIN ROSE instrument at J-PARC. Although
one could adiabatically change a longitudinal magnetic field to
the transverse direction such that the transverse MWP can
also be used for longitudinal MIEZE like at the RESEDA
instrument, the magnetic fields would need to be carefully
designed and simulated to ensure the uniformity of magnetic
field integral across the beam. Therefore, for longitudinal
MIEZE, the approach of rotating the RF flippers might be
preferable. With the magnetic fields in the MWP well
confined, the MWPs can be easily coupled to other spin
manipulation components, such as the RF flippers or guide
fields. If both the MWPs and RF flippers are superconducting
(Dadisman et al., 2020), they can share the same vacuum
chamber and cryogenics, which means the whole setup would
be very compact. With the RF flippers and MWPs combined,
in a quantum picture, the two neutron spin states can be
separated in both time and space domains. Such a setup could
also be potentially used for a space-time interferometer to
measure the mesoscopic space and time correlation function
G(r, f) (Van Hove, 1954).
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